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First-principles study on structures and energetics of intrinsic vacancies in SrTiO3
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We have performed first-principles plane-wave pseudopotential calculations to study the electronic struc-
tures, structural optimization, and formation energies of intrinsic vacancies in bulk SrTiO3 . The anion and
cation vacancy-induced levels appeared near the valence- and conduction-band edges in the band gap. The
formation energies of isolated vacancies with different charge states were obtained, and the defect reaction
energies, such as Sr partial Schottky (VSr

221VO
21), Ti partial Schottky (VTi

4212VO
21), and full Schottky

(VSr
221VTi

4213VO
21) were also evaluated. It was found that depending on the atomic chemical potentials,

the relative stability of the defect species or reactions is different. The overall trend of the stable defect
structures can explain the electrical conductivity of SrTiO3 for different chemical environments experimentally
observed.

DOI: 10.1103/PhysRevB.68.205213 PACS number~s!: 61.72.Ji, 61.72.Bb, 71.15.Dx
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I. INTRODUCTION

Strontium titanate (SrTiO3) is often used for functiona
electroceramic devices with a wide range of technolog
applications.1–3 Pure SrTiO3 is an electrical insulator with a
wide band gap@3.3 eV ~Ref. 4!# at room temperature. How
ever, it is known that the electrical conductivity of SrTiO3

ceramics varies with the dopant type,5,6 Sr/Ti atomic ratio,7

and thermal treatment conditions.6–13 For example, the elec
trical conductivity of donor-doped SrTiO3 experimentally
measured can be divided into three regions, depending on
oxygen partial pressure (PO2

).10 At the low-PO2
region, the

conductivity is mostly controlled by the concentration
oxygen vacancies, while by the donor concentration at
intermediatePO2

region. At the higher-PO2
region, donors

can be compensated by cation vacancies to decrease its
ductivity. This indicates that the electrical properties
SrTiO3 due to intrinsic vacancies are very sensitive to
electronic and chemical environments of the whole syst
Therefore, it is necessary to understand the energetically
vorable defect species and reactions in SrTiO3 in detail to
control and analyze the electrical properties of SrTiO3 .

So far, several researchers have studied to evaluate
formation energies of intrinsic point defects in undop
SrTiO3 ,14,15 mainly using static lattice calculations with em
pirical or semiempirical interatomic potentials. These stud
showed that the Schottky-type defect reaction (VSr

22

1VTi
4213VO

21) has much smaller formation energy tha
the Frenkel-type defects such as Sri

211VSr
22, Tii

41

1VTi
42, and Oi

221VO
21. Moreover, Akhtaret al.14 found

that the formation energy of a Sr partial Schottky (VSr
22

1VO
21) is slightly smaller than that of the Schottk

(VSr
221VTi

4213VO
21), suggesting the experimental te

dency of Sr deficiency in SrTiO3 at a high temperature. Thu
the vacancies play an important role for the electrical pr
erties of SrTiO3 .

In contrast, first-principles calculations, which are a mo
accurate computational technique, have been also perfor
0163-1829/2003/68~20!/205213~8!/$20.00 68 2052
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for SrTiO3 .16–20 Concerning the energetics of point defec
in SrTiO3 , Astala et al. employed the plane-wave-base
pseudopotential method to study the oxygen vacancy.20 They
took account of various charge states ofVO and found that
the fully ionized state asVO

21 has the smallest formation
energy among them. However, they did not consider ca
vacancies ofVSr andVTi . Thus it cannot be concluded whic
type of defect species or reactions is energetically favora
in SrTiO3 . In addition, as stated before, it is thought th
stable defect species or reactions in SrTiO3 depend on the
experimental environment~oxidizing or reducing atmo-
sphere!. Therefore, in order to understand the relations
between defect structures and electrical properties in SrTi3 ,
it is important to theoretically reveal the energetics of po
defects in various chemical environments.

In this study, the first-principles calculations were carri
out to reveal the electronic and atomic structures of cat
and anion vacancies in SrTiO3 . By using a rather large su
percell, characteristic electronic states and formation e
gies of intrinsic vacancies were investigated in a fir
principles manner. Considering possible defect reactions
to vacancies, the theoretically calculated reaction ener
were compared with available experimental and compu
tional results reported previously.

II. METHODOLOGY

A. Pseudopotentials and supercells

In this study, first-principles plane-wave-based calcu
tions within the local density approximation~LDA ! were
performed using theVASP code.21,22 Kohn-Sham equations
were solved self-consistently using an iterative matrix dia
nalization method based on a conjugate gradi
technique.23,24 For the exchange-correlation potential, th
function of Ceperley and Alder as parametrized by Perd
and Zunger was used.25,26

Vanderbilt ultrasoft pseudopotentials were used to red
the number of plane waves necessary to describe prope
©2003 The American Physical Society13-1
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of material systems with a good accuracy.27,28For O, 2s2 and
2p4 electrons were considered as valence electrons, w
5s2 electrons were treated as valence electrons in the
pseudopotential. The ultrasoft pseudopotential of Ti was g
erated from the atomic configuration of@Ar#3d34s1, where
the 3p6 semicore electrons were explicitly considered a
part of the valence. Before going to supercell calculations
vacancies, test calculations were carried out by using
ultrasoft pseudopotentials for perfect SrTiO3 ~cubic,
Pm3m). In the calculation, the 10310310 k-point mesh
generated by the Monkhorst-Pack scheme29 ~35 irreduciblek
points! was used for numerical integrations over the Br
louin zone.

Figure 1 shows calculated results of the total energ
against unit-cell volumes for perfect SrTiO3 at a plane-wave
cutoff energy (Ecut) of 395.7 eV. The optimized lattice con
stant and the bulk modulus thus obtained are listed in Tab
Our LDA calculations reproduce well the experimen
data31 ~0.95% for the lattice constant and 5.46% for the bu
modulus!, which are also in good agreement with theoreti
results16,32 previously reported.

Figure 2 shows the calculated band structure of per
SrTiO3 . The valence-band maximum~VBM ! composed of O
2p orbitals is located at theR point, and the VB top atM is
also very close to the VBM atR. On the other hand, the
conduction-band minimum~CBM! composed of Ti 3d orbit-
als is atG point. The bottom of the CB atX is by 0.12 eV
higher than the CBM atG. The indirect gap betweenR andG

FIG. 1. Calculated total energies of perfect SrTiO3 per unit cell
as a function of volumes, whereV0 is the experimental volume. Th
curved line was fitted to the Murnaghan equation of the state~Ref.
30!.

TABLE I. Calculated lattice constant and bulk modulus of p
fect SrTiO3 obtained from Fig. 1.

Lattice constant~Å! Bulk modulus~GPa!

This work 3.87 193
Experimental 3.905a 183a

LDA 3.87,b 3.86c 194,b 215c

aReference 31.
bReference 16.
cReference 32.
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is 1.49 eV, and the direct gap atG is 1.82 eV. Such a feature
of the band structure agrees well with the previous LD
calculations.16–18 However, the predicted band gap is we
below the experimental value of 3.3 eV. This difference inEg
could affect the formation energies of vacancies,33 which
will be discussed later.

Based on the optimized structure of perfect SrTiO3 , the
unit cell was repeated by 33333 in the x, y, andz direc-
tions, and a cubic supercell containing 135 atoms was u
for vacancy calculations. To introduce an isolated vacancy
Sr, Ti, and O, an interior atom was removed from the sup
cell. In order to take account of lattice relaxation around
vacancy, atoms within third nearest-neighbor~NN! sites from
a vacancy were allowed to relax. Then atomic relaxation w
performed until residual forces of relaxed atoms were l
than 0.1 eV/Å. In the supercell calculations, numerical in
grations over the Brillouin zone were performed only at t
G point because of the large size of supercells. TheEcut value
of the supercell calculations was selected at 395.7 eV
order to confirm total-energy convergence with respect
Ecut values, supercell calculations of vacancies were also
formed atEcut5600 eV. Then the formation energies of v
cancies atEcut5395.7 eV were found to converge within 0.
eV, so that the choice ofEcut5395.7 eV is sufficient to dis-
cuss relative stability of vacancies in SrTiO3 in the present
study.

B. Defect formation energies

The formation energies of vacancies in SrTiO3 were cal-
culated from total energies of the supercells, based on
standard formalism by Zhang and Northrup.34 For compound
systems, formation energies of vacancies depend on
atomic chemical potentials. In addition, formation energ
of charged defects also vary with the electron chemi
potential—i.e., a Fermi energy. For a vacancy with a cha
stateq, the formation energy is given by

Ef5ET~defect:q!2NSrmSr2NTimTi

2NOmO1q~«F1EVBM !, ~1!

FIG. 2. Calculated energy band structure for bulk SrTiO3 . The
VBM at R was set at 0 eV.
3-2
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whereET(defect:q) is the total energy of the supercell co
taining a vacancy in a charge stateq. HereNSr, NTi , andNO
are the number of Sr, Ti, and O atoms in the supercell.mSr,
mTi , andmO are the atomic chemical potentials, and«F is the
Fermi energy measured from the VBM. In the supercell c
culation for an isolated vacancy in SrTiO3 , Eq. ~1! can be
rewritten using a total energy of the perfect SrTiO3 supercell
ET(perfect) as follows:

Ef5ET~defect:q!2$ET~perfect!2nSrmSr2nTimTi2nOmO%

1q~«F1EVBM !. ~2!

HerenSr, nTi , andnO are the numbers of Sr, Ti, and O atom
removed from the perfect supercell to introduce an isola
vacancy. For each vacancy species, its charge stateq varying
from neutral to fully ionized states was considered: fro
22 to 0 for a Sr vacancy (VSr), from 24 to 0 for a Ti
vacancy (VTi), and from 0 to12 for an O vacancy (VO).

As can be seen in Eq.~2!, EVBM should be determined
from supercell calculations in order to obtain the formati
energy of a charged vacancy. However, it is expected tha
calculatedEVBM value of the vacancy-containing superc
differs from that of the defect-free supercell.35–38This is due
to the fact that the vacancy causes significant distortion
the band structure around the band gap. In such a case
necessary to determineEVBM of the defective supercell an
to line up band structures of the perfect and defective su
cells. For this purpose, it was assumed that the potentia
the perfect supercell are similar to those far from a defec
a defective supercell. Then the potentials at a numbe
atomic sites were averaged, and the difference in the a
aged potentials (Vav) between the perfect and defective s
percells was used to determineEVBM of the defective super
cell as follows:37,38

EVBM5EVBM
perfect1Vav

defect2Vav
perfect. ~3!

The first term on the right-hand side of Eq.~3! can be ob-
tained by

EVBM
perfect5ET~perfect:0!2ET~perfect:11!, ~4!

whereET(perfect:q) indicates the total energy of a perfe
supercell with the charge stateq.

In the supercell calculation of charged vacancies us
periodic boundary conditions, Coulomb interactions betwe
the charged vacancies in neighboring repeated cells may
cur depending on the size of supercells.39,40 This spurious
interaction of charged vacancies is necessary to be corre
in evaluating their formation energies. However, Astalaet al.
showed that the spurious interaction for oxygen vacancie
SrTiO3 had converged to be less than 0.065 eV, using the
and 135-atom supercells.20 Since the larger 135-atom supe
cells were used throughout this study, it is expected that
error is very small and does not significantly affect t
present results. Thus the Coulomb correction was not use
this study.

The Fermi level«F in Eq. ~1! varies in the range of the
band gap valueEg . The band gap energy was calculat
from the total energies of the supercells as
20521
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Eg5ECBM
perfect2EVBM

perfect

5$ET~perfect:21!2ET~perfect:0!%

2$ET~perfect:0!2ET~perfect:11!%. ~5!

The calculated band gap valueEg was 1.66 eV, which is
about one-half of the experimental one~3.3 eV!.4 The result
that the theoretically calculated band gap is smaller than
experimental value is a commonly observed feature of
LDA, but this difference (DEg51.64 eV) is considered to
affect the formation energies of vacancies in SrTiO3 .33 For
instance, when a vacancy has an extra level below the C
which is composed of cation orbitals similar to the CBM,
formation energy will be underestimated. This is because
energy position of the CBM in bulk SrTiO3 is underesti-
mated. This situation refers to the case of an oxygen vaca
in SrTiO3 , which will be shown later. In such a case, it cou
be assumed as a crude correction that the conduction ba
rigidly shifted upward to match the experimentalEg . Then
formation energies were corrected by adding a value om
3DEg , where m is the number of electrons at vacanc
induced levels inEg .33 On the other hand, a formation en
ergy of a vacancy with an acceptorlike level above the VB
was not corrected by the difference ofEg . Since such an
acceptorlike level has anion-orbital character similar to
VB, the formation energy cannot be assumed to be affec
by theEg error due to the LDA.

As mentioned before, formation energies of vacancies
SrTiO3 also depend on chemical potentialsmX (X5Sr, Ti,
and O!. In the case of the ternary SrTiO3 system, themX
values are determined from equilibrium conditions of vario
phases containing Sr, Ti, and O. Figure 3 shows the sc
matic phase diagram of the ternary system Sr-Ti-O. Se
points (A–G) indicated in the diagram correspond to th
vertices of the three phase regions. It is noted that S
binary compounds have not been so far fou
experimentally.41 In the assumption that SrTiO3 is always
stable, the chemical potentials of the three elements can
in the following correlation:

mSr1mTi13mO5mSrTiO3~bulk! , ~6!

FIG. 3. Schematic phase diagram of the ternary system Sr-T
3-3
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wheremSrTiO3(bulk) is a total energy per formula unit of pe

fect SrTiO3 crystal. At the pointA in the phase diagram o
Fig. 3, for example, SrTiO3 is in the equilibrium with O and
SrO. Thus themX values are also constrained by the equ
tions as shown below:

point A: mSr1mO5mSrO~bulk! , mO5mO~bulk! . ~7!

HeremO(bulk) corresponds to the chemical potential per at
of O2 gas. From Eqs.~6! and~7!, the chemical potentials o
the three elements at the pointA can be obtained. In a simila
way, mSr, mTi , and mO at the other equilibrium points o
B–G can be correlated by the following equations toget
with Eq. ~6!:

point B: mO5mO~bulk! , mTi12mO5mTiO2~bulk! , ~8!

point C: mTi12mO5mTiO2~bulk! ,

2mTi13mO5mTi2O3~bulk! , ~9!

point D: 2mTi13mO5mTi2O3~bulk! ,

mTi1mO5mTiO~bulk! , ~10!

point E: mTi1mO5mTiO~bulk! , mTi5mTi~bulk! , ~11!

point F: mTi5mTi~bulk! , mSr5mSr~bulk! , ~12!

point G: mSr5mSr~bulk! , mSr1mO5mSrO~bulk! .
~13!

In order to determine the atomic chemical potentials in
above equilibrium states, total energies of the bulk syste
of Sr~fcc!, Ti~hcp!, SrO(Fm3m), TiO2(P42 /mmm),
Ti2O3(R3̄c), and TiO(Fm3m) were calculated. In the cas
of oxygen,mO(bulk) was obtained from the total energy of th
O2 molecule using a cubic supercell 15315315 Å3 and
only theG point for k-point sampling. The calculated entha
pies of formation for the reference materials together w
experimental ones are shown in Table II. In this case, s
polarized calculations were performed. As stated abo
since the vacancy formation energies depend on the ato
chemical potentials, the errors in the enthalpies of format
for the reference materials due to spin-polarized a
-unpolarized calculations also affect the vacancy format

TABLE II. Calculated and experimental enthalpies of formati
for the reference materials. The values in parentheses are calcu
by the spin-unpolarized method.

Formation enthalpies~eV/atom!

Expt.a Calc.

SrO(Fm3m) 23.07 23.16 ~23.36!
TiO2(P42 /mmm) 23.24 23.48 ~23.76!

Ti2O3(R3̄c) 23.15 23.38 ~23.63!

TiO(Fm3m) 22.81 22.83 ~23.04!

aReference 42.
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energies. In order to check the errors, the spin-unpolari
calculations for the reference materials were also carried
It can be seen in Table II that the spin-polarized calculatio
give more comparable enthalpies of formation with expe
mentally obtained values. Therefore, spin-polarized result
the reference materials were used in the present stud
determine the atomic chemical potentials. In contrast,
spin polarization was not taken into account in the pres
vacancy-containing supercell calculations. For example,
spin-polarized calculation was also performed for the Ti v
cancy ofVTi

32, and the difference in the formation energ
from the spin-unpolarized calculation was found to be le
than 1.0 meV, which is much smaller than the errors of
thalpies of formations as can be seen in Table II. In t
study, therefore, the spin polarization was not included in
vacancy-containing supercell calculations.

III. RESULTS AND DISCUSSION

A. Atomic and electronic structures of isolated vacancies

Figure 4 shows one-electron energy levels around
band gap for vacancy-containing supercells calculated at
G point. The number of electrons occupying these band-
states is also depicted. The VBM of perfect SrTiO3 was set at
0 eV. The VBM positions of defective supercells were det
mined by the procedure described in the previous sec
@Eq. ~3!#, where the VBM energies were corrected by t
average potentials. In the case of cation vacancies (VSr and
VTi), the positions of the band-gap states measured from
VBM are displayed in this figure. In contrast, the energies
the band-gap states forVO are measured from the CBM.

As can be seen in Fig. 4, each vacancy induces the e
level in the band gap. In the case ofVSr, the extra levels are
located near the VBM. In addition, the energetic levels b
come larger with increasing negative charge states. A sim
feature can be also seen forVTi , although the tendency is
relatively large. Figures 5~a! and 5~b! indicate contour maps
of squares of wave functions for the band-gap states ofVSr

0

and VTi
0 on the $100% plane, respectively. These band-g

FIG. 4. One-electron energy levels for three kinds of vacanc
VSr, VTi , andVO in SrTiO3 in various charge states. The position
of the one-electron energy levels are given with respect to the V
in the cases ofVSr andVTi , while those from the CBM in the cas
of VO . The VBM of the perfect supercell was set at 0 eV.

ted
3-4
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states ofVSr
0 andVTi

0 are mainly composed of 2p orbitals of
O ions surrounding the vacancies, and thus these ha
similar feature of the VB. It is noted that the wave functio
for VTi is localized more at the vacancy site than that forVSr.
Due to the localized wave function ofVTi , it is likely that the
electrons at the level suffer from more significant electro
repulsions around the vacancy site, as compared to tho
the extra level forVSr. In fact, Fig. 4 clearly shows that th
energy positions forVTi with negative charges tend to be
come higher than those forVSr.

In contrast, the band-gap states ofVO are located close to
the CBM as can be seen in Fig. 4. This level is main

FIG. 5. Contour maps of wave functions of vacancy-induc
levels of ~a! VSr

0, ~b! VTi
0, and ~c! VO

0 on the$100% plane of the
cubic perovskite structure. The contour lines are drawn from 0.
to 0.2 with an interval 0.01 in the unit of electrons/Å3. The position
of each vacancy is represented by ‘‘3.’’
20521
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composed of Ti 3d orbitals as shown in Fig. 5~c!. Thus this
comes from the CBM as a result ofVO formation, andVO

forms a shallow donorlike state just below the CBM.
As mentioned above, the introduction of vacancies

duces extra levels in the band gap. In addition, the forma
of vacancies causes structural relaxations of the ions
rounding the vacancies. The distances from each vacanc
neighboring ions before and after relaxation are listed
Table III.

For all vacancy species, the first NN ions were found
exhibit outward relaxation by more than 3%, irrespective
the charge states. Such outward relaxation can be unders
from the situation that the neighboring ions of a vacancy
no longer attracted by the vacancy since chemical bonds
tween the removed ion and surrounding ions are missing
contrast, the second NN cations ofVSr and VTi showed in-
ward relaxation by more than 2.1%. This is due to the f
that electrostatic repulsions between second NN cations
the removed cation are reduced by the introduction of
vacancies.

As compared to the case ofVSr, the relaxation of the
second NN cations aroundVTi are more sensitive to the
charge states ofVTi . When the negative charge states ofVTi
increased, the second NN Sr ions exhibited more inward
laxations of more than 8%. This may be due to the high
charge states ofVTi ~up to24! thanVSr ~up to22!. Since the
more charged vacancy can be considered to have ele
static interactions with the surrounding ions at a longer d
tance, it is likely that the second NN Sr ions ofVTi exhibited
more inward relaxations toward the vacancy with increas
negative charge states ofVTi .

In the case ofVO, the second NN coordination shell con
tains both Sr and O ions at the same distance before re
ation. After relaxation, the second NN coordination sh
showed inward relaxation of about 6%. It is noted that t
ions in the third NN coordination shell did not undergo si
nificant relaxations for all vacancies, indicating that the

d

5

f the
TABLE III. Distances from a vacancy to neighboring ions before and after structural relaxations o
supercells. Neighboring atomic species and their coordination numbers are also shown in brackets.

Distance~Å! ~atomic species3coordination number!

First NN Second NN Third NN

Sr ~bulk SrTiO3) 2.73 (O312) 3.35 (Ti38) 3.87 (Sr36)
VSr

0 2.83 3.27 3.86
VSr

12 2.83 3.28 3.86
VSr

22 2.83 3.28 3.86
Ti ~bulk SrTiO3) 1.93 (O36) 3.35 (Sr38) 3.87 (Ti36)

VTi
0 2.01 3.16 3.85

VTi
12 2.02 3.15 3.85

VTi
22 2.02 3.14 3.84

VTi
32 2.02 3.11 3.84

VTi
42 2.03 3.07 3.84

O ~bulk SrTiO3) 1.93 (Ti32) 2.73 (Sr34), 2.73 (O38) 3.87 (O36)
VO

02 2.06 2.86 (Sr34), 2.56 (O38) 3.93
VO

11 2.06 2.86 (Sr34), 2.56 (O38) 3.86
VO

21 2.06 2.86 (Sr34), 2.56 (O38) 3.86
3-5
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laxation cutoff radius in this study is sufficient to descri
the structural properties of the vacancies.

B. Formation energies

According to Eq.~2!, the formation energies of isolate
vacancies in SrTiO3 were evaluated from the supercell ca
culations. As stated in the phase diagram in Fig. 3, the se
equilibrium points were considered in this study. As typic
examples, the formation energies of vacancies against«F at
pointsA andF are shown in Figs. 6~a! and 6~b!, respectively.
Since the O2 gas phase is in equilibrium with SrTiO3 and
SrO atA, point A should correspond to the oxidation cond
tion. On the other hand, SrTiO3 is equilibrated with metallic
Sr and Ti at pointF, and therefore, pointF is the reduction
condition.

According to Fig. 6, the formation energies ofVSr, VTi ,
andVO depend on«F . At point A @Fig. 6~a!#, the fully ion-
ized charge states ofVSr

22, VTi
42, andVO

21 are stable in a
wide range of«F aroundEg/2. In addition,VSr andVTi show
smaller formation energies thanVO. It should be noted here
that the formation energy ofVO

21 becomes smaller thanVSr
andVTi when«F is located close to the VBM, which corre
sponds to thep-type environment. Since the oxygen vacan
is a shallow donor-type defect as shown in Fig. 4, that wo
compensateVSr, VTi , or impurities having acceptorlike lev
els in the band gap~see Fig. 4!. This indicates the difficulty
of producingp-type SrTiO3 semiconductors, which was ex
perimentally suggested so far.43,44

As for point F @Fig. 6~b!#, the formation energies ofVSr
andVTi are further increased, as compared to Fig. 6~a!, while
that of VO is decreased. As a result,VO formation is easier

FIG. 6. Vacancy formation energies as a function of the Fe
level ~a! at equilibrium pointA and~b! F. For each vacancy specie
only the charge state that gives the lowest formation energy w
respect to the Fermi level is depicted.
20521
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thanVSr andVTi over the entire range of«F . When«F is at
Eg/2, which is the case of intrinsic SrTiO3 , the respective
vacancies were found to be fully ionized. In such a ca
charge neutrality of the whole system in the vacancy form
tion should be taken into account. As possible defect re
tions due to the charged vacancies in SrTiO3 , the following
reactions can be considered:VSr

221VO
21 ~Sr partial

Schottky reaction!, VTi
4212VO

21 ~Ti partial Schottky reac-
tion!, and VSr

221VTi
4213VO

21 ~full Schottky reaction!.
These reaction energies can be obtained from the forma
energies of the isolated vacancies, as shown in Fig. 6.
noted here that the above Schottky-reaction energies ar
dependent of«F , since the whole system of SrTiO3 main-
tains charge neutrality even after the reactions.

Considering the phase equilibrium conditions in Fig.
the defect-reaction energies at each point are plotted in
7, together with the formation energies of isolated neu
vacancies. As can be seen, the reaction energies vary with
equilibrium conditions. However, the full Schottky reactio
energy ofVSr

221VTi
4213VO

21 was 2.61 eV, irrespective
of the equilibrium conditions. This is because the whole s
tem of SrTiO3 is still stoichiometric even after the ful
Schottky formation. This reaction energy of 2.61 eV agre
well with the value obtained by Crawfordet al. using static
lattice calculations based on ionic pair potentials.15 As com-
pared to this, the Sr partial Schottky reaction ofVSr

22

1VO
21 exhibited smaller energies for all equilibrium cond

tions, while the Ti partial Schottky reaction showed larg
energies. The average value of the Sr partial Schottky re
tion energy over the all equilibrium conditions~1.97 eV! is
in good agreement with the experimental value 2.5 eV
ported by Moos and Ha¨rdtl10 and the theoretical one 1.53 e
obtained by Akhtaret al.14

i

th

FIG. 7. Defect reaction energies and formation energies of
lated neutral vacancies in SrTiO3 at each equilibrium point as indi
cated in Fig. 3.
3-6
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Vacancies in the Schottky reactions have a possibility
forming a pair due to the electrostatic and elastic interacti
between the vacancies. In order to estimate the effect of
defect association on the reaction energy, the supercell
culation for the Sr partial Schottky pair was performed. A
suming thatVSr and VO are located at the nearest-neighb
sites, the surrounding ions in the supercell were allowed
relax in the same manner described in the Sec. II A. It w
found that the reaction energy of the associated Sr pa
Schottky pair was lowered by 0.35 eV, as compared to
results in Fig. 7, which indicates the formation of theVSr-VO

pair. A similar decrease in the formation energies for
other Schottky reactions can be anticipated, so that the r
tive stability of the reactions is expected to be consist
with the results described above.

As can be seen from Fig. 7, neutral vacancies ofVSr
0,

VTi
0, and VO

0 also vary their formation energies with th
equilibrium conditions. In the case ofVTi

0, its formation en-
ergy was found to be relatively high, as compared to oth
Since the Ti partial reaction also has a large formation
ergy, it is thought that Ti vacancies are hard to be formed
SrTiO3 . In contrast, the formation energy ofVSr

0 at pointA
was as large as that of the full Schottky reaction, and at p
B, VSr

0 exhibited the smallest formation energy. From pha
diagram of Fig. 2, pointsA andB correspond to the oxidation
conditions (mO5mO(bulk)), and it can be thus said that S
vacancies are easily formed under oxidation atmosphere.
VO

0, its formation energy decreased in going fromA to G. At
pointsF andG, VO

0 showed the smallest formation energ
This can be imaged from the general situation that oxy
vacancies are more easily formed under the reduction at
sphere than cation vacancies.

A number of researchers experimentally reported the
havior of the electrical conductivity of SrTiO3 over a wide
range of oxygen partial pressure (PO2

).6–11At low PO2
, un-

doped SrTiO3 showedn-type conductivity, and the electrica
conductivity decreased with increasingPO2

. After passing
through a minimum, the electrical conductivity of undop
SrTiO3 increased again with risingPO2

. From the results in

Fig. 7, it was found that neutral oxygen vacancies ofVO
0

have the smallest formation energy at pointsF andG, so that
VO

0 defects are abundant under the small oxygen chem
potential, since theVO

0 defect has a shallow donorlike leve
in the band gap~see Fig. 4! that can contribute to then-type
conductivity. A number of researchers also experimenta
suggested the abundance ofVO under lowPO2

,6–11 which is
consistent with our results.

In contrast, it can be seen from Fig. 7 that the Sr par
Schottky reaction is energetically favorable from pointsC to
E, which likely correspond to intermediatePO2

conditions in

the experiment. As shown in Fig. 4,VSr can act as an accep
torlike defect, whileVO is a donorlike defect. As a result o
the Sr partial Schottky reaction, however, the se
compensation betweenVSr andVO takes place, so that the S
partial Schottky pairs no longer contribute to increase in
electrical conductivity of SrTiO3 . It is considered that this
situation corresponds to the experimental results where
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electrical conductivity of SrTiO3 undergoes a minimum
value under the intermediate-PO2

condition.

The increase in electrical conductivity of undoped SrTiO3
under highPO2

, which was experimentally observed,10 is

expected to be due to the formation ofVSr
0. The present

results in Fig. 7 showed that the Sr partial Schottky pairs
easily formed at the oxidation conditions of pointsA andB,
while VSr

0 can also be present due to its relatively sm
formation energy. As mentioned above, the Sr partial re
tion itself cannot increase the electrical conductivity beca
of the self-compensation, and yet neutral Sr vacancies ha
acceptorlike levels~see Fig. 4! can inducep-type conductiv-
ity. In this respect, it was suggested that Sr vacancies w
predominant in SrTiO3 under the oxidizing conditions in the
previous experiments, where the Ruddlesden-Popper p
SrO* (SrTiO3)n or SrOx enrichment acting as a source ofVSr
was observed.45,46 It is noted, however, that the experiment
p-type conductivity under highPO2

was much smaller than

the n-type conductivity under lowPO2
,10 corresponding to

the difficulty in thep-type conduction of SrTiO3 . In order to
make a quantitative comparison between theory and the
served conductivities in real SrTiO3 , it is necessary to esti
mate equilibrium concentrations of the vacancies provid
charge carriers and the carrier mobility, which is, howev
beyond the scope of this study.

As shown above, it was found that the present res
provide a reasonable description of stable defect species
reactions in SrTiO3 depending on the atomic chemical pote
tials, which can explain well the experimental trend in t
electrical conductivity of SrTiO3 over a wide range of oxy-
gen partial pressure. It is also known that macroscopic pr
erties of functional ceramics strongly depend on surfac
grain boundaries, and interfaces. For example, grain bou
aries can act as a sink or a source of point defects, whic
explained by the space charge theory.47–49 Due to the par-
ticular chemical environment at grain boundaries, stable
fect species present at the vicinity of grain boundaries
expected to differ from those in bulk, resulting in peculi
characteristic properties of functional ceramics. In su
cases, the first-principles approach using large supercells
also provide detailed information on the defect chemis
which contributes to further understanding of various pro
erties in ceramic materials.

IV. SUMMARY

In order to reveal the energetically favorable defect typ
and reactions in SrTiO3 , electronic structures and formatio
energies of intrinsic vacancies in bulk SrTiO3 were investi-
gated using first-principles pseudopotential calculations. T
results obtained in this study can be summarized as follo

~1! In the presence of vacancies (VSr, VTi , andVO), extra
levels appeared near the VBM or CBM in the band gap
SrTiO3 . The vacancy-induced level ofVO was found to have
a shallow donor-type character, which is composed of s
rounding Ti 3d orbitals. This indicates that the even undop
SrTiO3 can become ann-type semiconductor by introducin
VO.
3-7
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~2! Based on the formation energies of individual vaca
cies, the formation energies of full Schottky, Sr part
Schottky, and Ti partial Schottky reactions, which mainta
charge neutrality of SrTiO3 , were evaluated. It was foun
that the calculated formation energy of Sr partial Schot
reactions was lower than that of the other defect reaction
agreed well with the previous experimental and theoret
results.

~3! The formation energies of isolated neutral vacanc
and various Schottky reactions are found to vary with resp
to the equilibrium condition. Concerning the calculated f
mation energies, the dominant defect isVO

0 at the reduction
.
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o
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condition, while it is the Sr partial Schottky reaction orVSr
0

at the oxidation condition. These neutral vacancies can c
tribute to n-type and p-type conductivities, respectively
which is in good agreement with the tendencies obtain
from conductivity measurements of SrTiO3 as a function of
PO2

.
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